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ABSTRACT 


^Fatigue  crack  propagation  and  plane  strain  fracture  tough¬ 
ness  (K  Ic)  studies  were  conducted  on  a  9Ni-4Co-0.25C  steel  which 
had  been  quenched  and  tempered  to  a  yield  strength  of  180  ksi. 
Fatigue  specimens  were  cycled  to  failure  in  a  room  air  environ¬ 
ment  under  several  combinations  of  cyclic  and  tensile  mean  loads. 
It  was  observed  that  fatigue  crack  propagation  became  unstable  at 
a  critical  level  of  stress-intensity  which  led  to  rapid  failure.  This 
critical  stress-intensity  level  in  fatigue  was  consistently  below 
the  stress- intensity  value  for  crack  instability  predicted  by  con¬ 
ventional  rising  load  KIc  tests. 


Electron  fractography  studies  were  conducted  on  the  fatigue 
surfaces.  A  gradual  change  in  fracture  surface  appearance  with 
cyclic  stress-intensity  level  was  found  to  occur.  Fatigue  stria- 
tions  predominated  at  low  cyclic  stress- intensity  levels,  changing 
to  dimpled  rupture  at  high  cyclic  stress-intensity  levels.  No 
abrupt  change  in  fracture  surface  appearance  was  observed  to 
coincide  with  the  critical  stress- intensity  level  in  fatigue. 


It  is  concluded  from  this  study  that,  although  Klc  provides 
a  lower-bound  estimate  of  stress-intensity  for  terminal  fracture 
in  monotonic  loading,  subcritical  flaw  growth  by  fatigue  in  some 
high-strength  materials  may  define  a  more  conservative  estimate 
of  structural  material  performance.! 


PROBLEM  STATUS 

This  report  completes  one  phase  of  the  problem.  Work  on 
other  aspects  of  the  problem  is  continuing. 
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SUBCRITICAL  FLAW  GROWTH  IN  9Ni-4Co-0.25C  STEEL -A  FATIGUE 
AND  FRACTOGRAPHIC  INVESTIGATION  AND  ITS  RELATIONSHIP 
TO  PLANE  STRAIN  FRACTURE  TOUGHNESS 


INTRODUCTION 

Subcritic al  flaw  growth  by  fatigue  is  a  potential  failure  mechanism  for  high-strength 
structural  metals.  It  is  important  to  develop  a  quantitative  understanding  of  this  failure 
mechanism  in  order  to  define  the  properties  of  structural  materials  and,  further,  to 
predict  the  fatigue  life  of  structures. 

The  usefulness  of  employing  the  fracture  mechanics  stress-intensity  factor  (K)  in 
analyzing  the  growth  rate  of  fatigue  cracks  in  high-strength  structural  metals  is  well 
documented  (1-4).  This  procedure  offers  the  opportunity  to  correlate  subcritical  flaw 
growth  characteristics  directly  with  the  fracture  mechanics  failure  parameter,  plane 
strain  fracture  toughness  (KIc). 

This  report  discusses  the  fatigue  crack  propagation  characteristics  of  a  9Ni-4Co- 
0.25C  steel  in  terms  of  the  cyclic  stress- intensity  factor  range  (AK).  These  character¬ 
istics  are  compared  with  the  results  of  KIc  tests  on  the  same  material.  In  addition,  the 
fatigue  surfaces  were  studied  by  electron  fractography  to  ascertain  the  various  micro¬ 
fracture  mechanisms  by  which  subcritical  flaw  growth  occurs  in  this  material. 


MATERIAL 

The  material  under  investigation  is  a  9Ni-4Co-0.25C  high- alloy  commercial- 
production  steel,  quenched  and  tempered  to  a  yield  strength  of  180  ksi.  This  steel  was 
processed  by  a  special  melting  practice  involving  vacuum- carbon- deoxidation  of  an  elec¬ 
tric  furnace  air-melt  heat,  followed  by  a  vacuum-consumable- electrode- remelt.  Test 
specimens  were  machined  from  l-in.-thick  plate  stock  which  had  been  evenly  crossrolled 
to  minimize  mechanical  anisotropy. 

The  chemical  composition  of  this  steel  is  given  in  Table  1,  and  the  mechanical  prop¬ 
erties  are  given  in  Table  2. 


Table  1 

Chemical  Composition 


Element 

C 

Mn 

Si 

P 

s 

Ni 

Cr 

Mo 

Co 

V 

wt  -  % 

0.25 

0.28 

0.01 

0.006 

0.008 

8.31 

0.40 

0.48 

3.78 

0.11 

The  material  under  investigation  was  studied  in  the  as- received  condition  which  con¬ 
sisted  of  the  following  mill  heat  treatment: 

1.  Normalize  at  1600  °F  for  1  hour. 

2.  Austenitize  at  1500 °F  for  1  hour,  followed  by  an  oil  quench. 

3.  Temper  at  1000°F  with  air  cooling. 
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Table  2 


Mechanical  Properties 


Specimen 

Orienta¬ 

tion 

Tension  Test  Data  for 

0. 505-In. -Diam  Specimen 

Charpy-V 
Energy 
at  30  °F 
(ft-ib) 

1-in.  Dynamic 
Tear  Test 

0.2%  YS 
(ksi) 

I 

Elong.  in 
2-in. 

<%) 

Reduction 
of  Area 
(%) 

Energy 
(ft- lb) 

RW 

183.2 

195.0 

17.0 

61.0 

40 

1996 

WR 

— 

— 

— 

38 

— 

*The  orientations  RW  (perpendicular  to  the  final  rolling  path)  and  WR  (parallel  to  the 
final  rolling  path)  are  defined  in  nThe  Slow  Growth  and  Rapid  Propagation  of  Cracks. 
Second  Report  of  a  Special  ASTM  Committee, "  Mater.  Res.  Std.  1  (No.  5):  389-393  (1961) 


Figure  1  shows  the  microstructure  in  a  plane  parallel  to  the  crack  propagation 
direction.  The  predominating  structure  appears  to  be  that  of  tempered  martensite  (5). 
The  material  is  banded  (Fig.  1,  top).  It  is  not  known  if  the  banding  results  from  a  chem¬ 
ical  segregation  effect  or  the  carbide  dispersion.  The  grain  size  of  this  material  is 
No.  8  and  finer,  and  the  Rc  hardness  in  the  plane  of  the  fracture  path  is  42. 


FATIGUE  CRACK  PROPAGATION 
Experimental  Procedure 

Fatigue  crack  propagation  tests  were  performed  using  single- edge- notched  (SEN) 
specimens  cycled  in  cantilever  bending.  A  detail  drawing  of  the  fatigue  specimen  is 
shown  in  Fig.  2.  The  test  section  has  nominal  dimensions  of  2.5-in.  wide  and  0.5-in. 
thick.  The  net  thickness  is  reduced  to  0.45-in.  by  side- grooving,  which  acts  to  suppress 
shear  lip  formation  and  promote  a  straight  crack  front.  The  edge- notch  is  nominally 
0.5-in.  deep,  and  fatigue  crack  propagation  is  allowed  to  extend  the  flaw  to  a  maximum 
total  depth  of  1.5-in.  Measurements  of  fatigue  crack  length  are  performed  by  a  slide- 
mounted  optical  micrometer  focused  on  the  root  surface  of  the  side-groove.  Special  con¬ 
sideration  is  given  to  preparation  of  the  side-groove  surface  in  order  to  aid  optical  ob¬ 
servations  of  the  fatigue  crack  tip.  Tool  marks  are  polished  from  the  surface,  and  a 
very  light  sandblast  is  applied.  Sandblasting  causes  light  reflected  off  the  surface  to  be 
diffused,  thus  eliminating  glare  and  causing  the  fatigue  crack  to  appear  in  darker  con¬ 
trast  with  its  surroundings.  The  combination  of  test- section  thickness  and  side- groove 
geometry  employed  on  this  specimen  results  in  a  crack  front  of  nearly  uniform  depth 
through  the  thickness,  i.e.,  a  straight  crack  front,  thereby  allowing  accurate  measure¬ 
ments  from  surface  observations. 

The  fatigue  crack  propagation  tests  were  run  under  constant  load  at  5  cpm.  As  the 
crack  propagates  through  the  test  section,  stress- intensity  levels  increase,  thus  produc¬ 
ing  a  range  of  crack  growth  rates  for  study.  The  stress- intensity  characteristics  of  the 
fatigue  specimen  are  illustrated  in  Fig.  3,  which  is  a  plot  of  the  stress- intensity  factor 
(K)  versus  flaw  size  (a)  for  several  values  of  constant  load.  Flaw  size  is  defined  as  total 
crack  depth  measured  from  the  specimen  edge  and  includes  the  nominal  0.5-in.  notch. 
These  stress-intensity  curves  are  computed  from  the  equation  derived  by  Kies  (6). 
Nearly  identical  results  can  be  obtained  from  Paris  and  Sih’s  equation  (7),  with  a  small 
correction  made  for  side- grooves  (8). 


MIL — H 


Fig.  1  -  Microstructure  in  a  plane  parallel  to  the  fracture  path. 
A  banded  structure  exists  between  arrows  (top).  Acidic  acid  plus 
nitric  acid  etch.  Original  magnification  500X(top),  2000X  (bottom). 
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Fig.  2  -  Details  of  the  NRL  single -edge  - 
notched  (SEN)  cantilever  fatigue  specimen 
with  side -grooves 


A  tensile  cyclic  load  range  of  1500  lb  was 
used  for  all  tests  performed  in  this  study.  Using 
the  term  R  to  denote  the  load  ratio  (minimum 
load/maximum  load),  the  following  load  ratios 
were  used:  R  =  -1.0  (-1500  to  1500  lb),  R  =  0 
(0  to  1500  lb),  R  =  0.14  (250  to  1750  lb),  and 
R  =  0.25  (500  to  2000  lb). 


Discussion  of  Results 

The  results  of  these  tests  are  shown  in  Figs. 
4  and  5,  which  are  plots  of  flaw  size  versus 
cycles  of  repeated  load.  The  slope  of  these 
curves  is  the  fatigue  crack  growth  rate.  Load, 
flaw  size,  and  specimen  geometry  define  the 
stress- intensity  factor.  These  parameters  are 
displayed  in  Fig.  6,  which  is  the  conventional 
log-log  plot  of  fatigue  crack  growth  rate  versus 
stress- intensity-f actor  range.  Fatigue  crack 
growth  rates  plotted  as  a  function  of  stress- 
intensity-factor  range  provide  a  generalized 
means  of  displaying  experimental  results. 


The  results  shown  in  Figs.  4  through  6  sug¬ 
gest  the  following  observations  on  the  growth  of 
fatigue  cracks.  Although  the  tensile  cyclic  load 
range  was  held  constant  at  1500  lb,  a  significant 
reduction  in  the  number  of  cycles  required  to 
cause  specimen  failure  resulted  from  the  appli¬ 
cation  of  tensile  mean  loads.  Terminal  fracture 
is  determined  by  the  maximum  tensile  load; 
therefore,  the  critical  flaw  size  becomes  smaller  as  mean  loads  are  added.  Additionally, 
the  crack  growth  rates  become  greater  as  tensile  mean  load  increases,  even  though  the 
cyclic  load  remains  constant.  The  crack  growth  rate  data  shown  on  Fig.  6  are  grouped 
with  the  positive  R  values  occupying  the  upper  region  of  the  scatter  limits.  These  re¬ 
sults  strongly  suggest  that  mean  loads  cannot  safely  be  ignored  in  structural  fatigue 
design  situations  where  high  strength  materials  are  being  employed. 


Fig.  3  -  Stress -intensity  char¬ 
acteristics  of  the  SEN  fatigue 
specimen  as  a  function  of  flaw 
size  for  various  constant  loads. 
The  curves  were  calculated 
from  Kies'  (6)  equation. 
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Fig.  4  -  Fatigue  crack  propagation  data  for  specimens  cycled 
zero-to-tension  (R  =  0)  and  tension -to-compression  (R  =  -1.0). 
The  notations  of  Kmax  at  the  top  of  each  curve  refer  to  the  last 
observation  prior  to  terminal  failure. 


A  second  observation  concerns  the  effect  of  compressive  cyclic  loading  on  fatigue 
crack  growth.  The  specimen  which  was  loaded  tension- to- compression  (R  =  -1.0)  failed 
sooner  than  the  specimen  which  was  loaded  zero-to-tension  (R  =  0),  even  though  the 
maximum  tensile  load  in  each  test  was  the  same.  This  observation  gains  significance 
with  the  realization  that  the  crack  tip  process  zone  in  compression  rapidly  approached  a 
region  of  low  bending  stresses  as  the  crack  front  approached  the  centerline  of  the  gross 
section,  i.e.,  the  fractured  surfaces  carried  most  of  the  compressive  load.  As  a  result, 
the  compressive  loading  acted  mainly  to  accelerate  crack  propagation  in  the  early  stages 
of  the  test.  The  growth  rate  data  for  this  test  shown  on  Fig.  6  were  plotted  using  only  the 
tensile  stress- intensity-factor  amplitude,  and  thereby  ignoring  the  compressive  half  of 
the  load.  Using  this  analysis,  there  appears  to  be  no  difference  between  the  growth  rates 
for  R  =  0  and  R  =  -1.0.  This  is  not  generally  true,  and,  just  as  with  tensile  mean  loads, 
compressive  cyclic  loading  must  be  accounted  for  in  sophisticated  design  procedures  for 
fatigue  (9). 


All  of  the  fatigue  test  specimens  failed  by  brittle  fracture  before  gross  yielding 
could  occur.  Further,  all  of  the  specimens  propagated  fatigue  cracks  in  a  rapid,  un¬ 
stable  manner  at  maximum  stress-intensity  levels  well  below  KIc.  The  paramater  KIc 
is  the  critical  stress- intensity  for  initial  crack  instability  under  rising  load  in  plane 
strain,  and  is  taken  to  be  a  lower-bound  estimate  for  crack  instability.  The  KIc  tests 
performed  on  this  material  are  described  in  the  Appendix.  The  value  of  KIc  was  estab¬ 
lished  to  be  slightly  in  excess  of  150,000  psi  'fin.  Rapid  fatigue  crack  propagation,  lead¬ 
ing  to  terminal  failure  in  just  a  few  cycles,  began  in  all  specimens  at  a  maximum  stress- 
intensity  level  very  close  to  100,000  psiN/In.  This  was  taken  to  be  the  critical 
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CYCLES,  N 

Fig.  5  -  Fatigue  crack  propagation  data 
for  specimens  cycled  tension-to-tension 
(R  =  0.14  and  R  =  0.25) 


stress-intensity  corresponding  to  the  onset  of  rapid  fatigue  failure.  However,  based  on 
macrosurface  features,  it  appears  that  terminal  fractures  occurred  at  stress-intensity 
levels  very  close  to  KIc. 

Unstable  fatigue  crack  propagation  in  many  high-strength  materials  has  been  ob¬ 
served  by  numerous  researchers  (2,4,9-11).  However,  the  relationship  of  this  phenom¬ 
enon  to  KIc  is  not  well  established.  This  study  and  recent  work  by  Clark  and  Wessel  (11) 
suggest  that  unstable  fatigue  crack  propagation  can  occur  well  below  KIc  .  Unstable  fa¬ 
tigue  crack  propagation  may  define  an  even  more  conservative  limitation  on  the  use  of 
high  strength  materials  than  does  plane  strain  fracture  toughness. 


Structural  Performance  Interpretation 

The  results  of  this  study  indicate  that  under  cyclic  loading  the  9Ni-4Co-0.25C  test 
material  is  limited  to  a  maximum  allowable  stress- intensity  level  of  approximately 
100,000  psi  \ /In .  An  interpretation  of  this  service  limitation  is  shown  in  Fig.  7,  which 
is  a  plot  of  nominal  stress  level  versus  critical  flaw  depth  for  the  specific  stress- 
intensity  level  of  100,000  psi  *Jin.  Two  curves  are  given  on  this  plot;  the  upper  curve  is 
for  a  semicircular  flaw  (a/2c  =  0.50),  and  the  lower  curve  is  for  a  long  shallow  flaw 
(a/2c  =  0.10).  The  equation  used  to  compute  these  curves  applies  to  a  surface  flaw  in 
a  large  plate  loaded  in  tension  (12). 
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The  stress  levels  shown  on  Fig.  7  range 
from  50  to  100  percent  of  yield  strength 
stress.  Flaw  sizes  which  would  be  sufficient 
to  initiate  rapid  fatigue  failure  in  this  mate¬ 
rial  are  shown  to  range  from  <0.10  to 
0.75  in.  Thus,  the  service  performance 
limitations  of  this  high-strength  steel  be¬ 
come  more  apparent. 

Structural  fatigue  life  for  this  material 
can  be  computed  by  means  of  the  fatigue 
crack  growth  rate  relationship  given  in  Fig.  6, 
starting  with  an  assumed  or  measured  initial 
flaw  size  as  the  lower  limit  and  growing  the 
crack  by  fatigue  to  a  critical  flaw  size  deter¬ 
mined  from  Fig.  7. 


ELECTRON  FRACTOGRAPHY 

Experimental  Procedure 

Figure  8  shows  the  fracture  surface  de¬ 
veloped  for  the  fatigue  specimen  cycled  in 
tension-to-tension  bending  with  a  load  range 
of  250  to  1750  lb  (R  =  0.14).  The  portion  of 
this  surface  examined  with  a  two- stage  ,0*000  ioo.ooo  200,000 

cellulose- acetate  replication  technique  lay  stress-intensity  factor  range, AK(psiyfn.) 

within  a  medial  strip  approximately  13/6 4- in.  Fig.  6  -  Log -log  plot  of  fatigue 

wide  extending  from  the  notch  root  into  the  crack  growth  rate  as  a  function 

fast  fracture  region.  Although  not  shown,  °f  Stress -intensity -factor  range 

identical  areas  from  the  "fixed"  surface 
break  of  specimens  cycled  under  loads  of 

0  to  1500  lb  and  500  to  2000  lb  were  examined  in  the  same  fashion.  The  "fixed"  surface 
belongs  to  that  portion  of  the  test  specimen  held  by  the  supporting  clamps  and  not  sub¬ 
jected  to  movement  by  the  loading  jig. 

Specimen  surfaces  were  examined  using  the  standard  two- stage  cellulose- acetate 
replication  technique  (13).  Each  replica  was  examined  in  a  Siemans  Elmiskop  I  electron 
microscope  at  a  beam  voltage  of  40  kv.  Magnifications  ranged  from  375X  to  5000X  with 
prints  enlarged  3X.  All  areas  photographed  were  taken  as  stereographic  pairs,  which 
facilitated  interpretation  of  the  various  surface  features. 


Fracture  Surface  Topography 

Replicas  were  taken  from  the  "fixed”  surfaces  of  three  specimens.  Fractographs 
shown  are  those  from  specimens  cycled  under  loads  of  250  to  1750  lb  and  500  to  2000  lb. 
Tension-to-tension  cycling  minimizes  surface  rubbing,  which  is  undesirable  for  fracto- 
graphic  studies.  Although  surface  topography  varied  with  individual  replicas,  the  frac¬ 
tographs  shown  are  typical  for  principal  modes  observed. 

The  first  region  studied  encompasses  the  first  0.1  in.  of  crack  growth,  where  a  =  0.50 
in.  and  AK  =  36  ksi  Figures  9  and  10  are  from  the  specimen  loaded  250  to  1750  lb. 
The  ruptured  surface  consists  of  broad,  shallow  striations  (between  the  small  arrows  in 
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Fig.  7  -  Relationships  between  nominal  stress 
and  critical  flaw  depth  for  9Ni-4Co-0. 25C 
steel  at  180  ksi  YS.  The  curves  are  com¬ 
puted  from  the  equation  for  an  embedded  sur¬ 
face  flaw  in  a  large  tension-loaded  plate  ( 1  2). 


Fig.  8  -  Fracture  surface 
from  the  specimen  cycled 
in  tension-to-tension  bend¬ 
ing  with  load  range  of  250 
to  1750  lb  (R  =  0.14) 


Fig.  9)  or  tongues  and  ridges  as  seen  in  Fig.  10. 

The  broad,  shallow  striations  comprised  40  to  60 
percent  of  the  surface  examined.  At  higher  mag¬ 
nifications  (Fig.  11)  fatigue  striations  in  the  speci¬ 
men  loaded  500  to  2000  lb  are  broad  and  shallow 
with  the  edges  of  the  individual  striations  outlined 
by  discontinuous  tongues.  A  further  illustration  of 
the  surface  complexity  in  this  region  is  shown  in 
Fig.  12.  Shallow  striations  appear  in  the  upper  left, 
with  shallow,  equiaxed  dimples  in  the  lower  left 
portions  of  the  fractograph. 

As  the  crack  front  advances  to  the  second  area 
studied,  the  broad,  shallow  striations  disappear. 

For  flaw  sizes  ranging  from  0.7  to  0.9  in.,  the  sur¬ 
face  of  the  specimen  loaded  250  to  1750  lb  consists 
of  shallow  dimples  and  random  tear  ridges  as  in 
Fig.  13  or  shallow,  equiaxed  dimples  as  in  Fig.  14. 
These  features  comprised  approximately  80  percent 
of  the  areas  examined. 

The  third  area  studied  is  from  the  region  where 
the  fatigue  crack  was  propagating  rapidly.  Figure 
15  shows  topography  of  this  region  for  the  speci¬ 
men  cycled  in  500  to  2000  lb  tension.  At  flaw  sizes 
ranging  from  1.0  to  1.20  in.,  shallow  equiaxed  dim¬ 
ples,  in  places  nucleated  by  inclusions,  are  the 
prevalent  mode. 

The  final  area  studied  lies  within  the  region  of 
fast,  terminal  fracture.  The  separation  consists  ex¬ 
clusively  of  dimpled  rupture .  Figure  16  illustrates 
this  feature  obtained  from  the  specimen  loaded  500  to 
2000  lb.  The  microfracture  mode  is  dimpled  rupture 
with  no  single  dimple  size  predominating. 
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Fig.  9  -  Tension-to-tension fatigue  mark- 
ings  in  a  specimen  loaded  from  250  to 
1750  lb.  A  packet  of  striations  is  shown 
between  the  large  arrows  while  individual 
striations  appear  between  the  small 
arrows. 


Fig.  10  -  Tension-to-tension  fatigue 
markings  in  a  specimen  loaded  from 
250  to  1750  lb.  Numerous  tongues  and 
ridges  aligned  parallel  with  the  large 
arrow  are  normal  to  crack  propagation 
path  indicated  by  the  long  arrow. 


CROOKER,  COOLEY,  LANGE,  AND  FREED 


Fig.  11  -  Tension-to-tension  fatigue 

markings  in  a  specimen  loaded  from 
500  to  2000  lb.  An  individual  striation 
is  shown  between  the  small  arrows;  a 
series  of  tongues  and  ridges  delineat¬ 
ing  the  separation  of  two  striations  is 
shown  between  the  pair  of  large  arrows . 


S,v?1 


7728 


Fig.  12  -  Tension-to-tension  fatigue 
markings  in  a  specimen  loaded  from 
250  to  1750  lb.  The  surface  consists 
of  broad,  shallow  striations  (upper 
right),  shallow equiaxed dimples  (lower 
left),  and  ridges  (left  center). 


mi. 
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Discussion  of  Results 

Names  of  surface  features,  and  their  association  with  either  ductile  or  brittle  frac¬ 
ture  modes,  are  those  evolved  and  proposed  at  NRL  by  Beachem,  Dahlberg,  and  co¬ 
workers  (13-18). 

Features  common  to  all  surfaces  examined  were  dimples,  tongues,  ridges,  and 
striations.  Dimples  are  characteristic  of  ductile  rupture  modes  involving  plastic  flow 
in  the  vicinity  of  the  advancing  crack  tip  (18).  The  nature  of  dimples  shown  in  Figs.  12, 
13,  and  14  suggests  normal  dimpled  rupture  during  successive  stages  of  cyclic  load 
growth  before  final  coalescence  and  linkage  with  the  advancing  crack  front. 

Tongues  and  ridges  are  features  generally  associated  with  cleavage  or  quasi¬ 
cleavage,  both  of  which  are  brittle  failure  modes.  However,  their  association  with  gen¬ 
erally  undulating  surfaces  rather  than  plateau  like  areas  is  indicative  of  plastic  tearing. 
Quasi- cleavage  is  indicative  of  environmental  cracking,  such  as  stress  corrosion  (19). 
The  lack  of  positive  evidence  to  indicate  that  quasi- cleavage  was  a  prevalent  separation 
mode  is  also  indicative  that  environmental  crack  growth  was  not  significant. 

Striations,  a  feature  common  to  fatigue  crack  propagation,  may  be  of  either  a  ductile 
or  brittle  mode,  depending  on  the  material  and  the  hypothesized  propagation  model  (20). 
In  a  study  by  Hertzberg  (21),  it  was  shown  that  striation  formation  was  influenced  by  the 
orientation  of  certain  slip  planes  and  slip  directions  with  the  advancing  crack.  Other 
researchers  have  shown  that  striations  are  affected  by  a  material's  stacking  fault 
energy  (22).  Materials  having  high  stacking  fault  energies  show  ill-defined  striations 
because  of  the  ease  of  cross  slip. 

In  this  present  study  no  attempt  was  made  to  ascertain  the  effects  of  grain  orienta¬ 
tions  or  stacking  fault  energies  on  the  fracture  process.  Dimple  formation  was  probably 
facilitated  by  inclusions  and  carbide  particles.  There  is  no  conclusive  evidence  to  sup¬ 
port  preferential  grain  boundary  growth  or  a  theory  for  dimple  inoculation  at  grain 
boundaries. 

Figure  17  summarizes  the  various  aspects  of  crack  propagation.  During  initial 
stages  of  crack  growth  with  AK  =  36  ksi  \ln.  the  morphology  consists  of  broad  striations 
or  tear  ridges  parallel  to  the  crack  front.  Crack  extension  results  from  local  plastic 
separation  at  the  crack  tip  during  successive  load  cycles. 

As  the  crack  front  progresses  to  the  point  indicated  by  AK  =  47  ksi  \/In.  evidences  of 
fatigue  striations  vanish  and  predominating  features  are  shallow  dimples  and  tear  ridges. 
Crack  growth  results  from  the  interaction  of  plastic  separation  at  the  tip  and  dimple  for¬ 
mation  in  discrete  regions  ahead  of  the  tip. 

In  the  region  of  fast  fatigue,  where  AK  =  73  ksi  the  crack  advances  by  coales¬ 
cence  of  voids  forming  ahead  of  the  tip.  No  outstanding  change  was  detected  between  this 
region  and  that  of  fast  fracture.  Dimpled  rupture  was  characteristic  for  both  regions, 
and  it  was  impossible  to  delineate  the  point  of  separation  between  the  two  by  electron 
fractography. 


SUMMARY  AND  CONCLUSIONS 

Subcritical  flaw  growth  was  studied  in  samples  of  a  commercial  production  9Ni-4Co- 
0.25C  steel,  quench-and-temper  heat  treated  to  a  yield  strength  of  180  ksi.  The  study 
consisted  of  a  series  of  fatigue  crack  propagation  tests,  conducted  in  a  room  air  environ¬ 
ment,  followed  by  an  electron  fractographic  investigation  of  the  fatigue  surfaces.  The 
fatigue  data  were  analyzed  using  the  fracture  mechanics  stress- intensity  factor  K.  The 


fatigue  performance  of  the  test  material  was  compared  with  plane  strain  fracture  tough¬ 
ness  (KIc)  data. 

The  following  conclusions  have  been  reached  from  this  investigation: 

1.  A  satisfactory  correlation  was  found  to  exist  between  the  rate  of  fatigue  crack 
growth,  da/dN,  and  the  cyclic  tensile  stress-intensity  factor  range,  AK.  This  relation¬ 
ship  is  of  the  form  da/dN  -  c  (AK)3-7  ,  which  is  in  close  agreement  with  Paris’  fourth- 
power  law  for  fatigue  crack  propagation.  However,  tensile  mean  loads  and  compressive 
cyclic  loads  were  observed  to  exert  a  significant  effect  upon  both  crack  growth  rates  and 
cycles  to  terminal  failure. 

2.  Very  rapid  fatigue  crack  propagation  was  observed  to  occur  at  cyclic  stress- 
intensity  amplitudes  well  below  KIc.  This  suggests  a  critical  stress-intensity  level  for 
fatigue  failure  which  is  more  conservative  than  the  failure  criterion  for  monotonic  load¬ 
ing.  However,  terminal  failure  of  the  fatigue  specimens  corresponded  very  closely  with 
predictions  based  on  KIc  measurements. 

3.  The  fractographic  examination  illustrates  the  fact  that  high-stress  fatigue  failures 
cannot  be  classified  as  such  solely  on  the  presence  or  absence  of  striations,  a  fact  of  im¬ 
portance  to  the  failure  analyst. 
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4.  A  gradual  change  in  fracture  surface  appearance  with  increasing  cyclic  stress- 
intensity  level  was  found  to  occur.  No  abrupt  change  in  fracture  surface  appearance  was 
seen  to  coincide  with  the  critical  stress- intensity  level  in  fatigue. 

5.  There  was  no  positive  evidence  to  support  a  hypothesis  that  environmental  crack¬ 
ing  was  significant  in  the  fracture  process. 
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Appendix 

FRACTURE  TOUGHNESS  TESTS 


Fracture  toughness  tests  were  performed  on  the  test  material  to  determine  the  value 
of  the  plane  strain  fracture  toughness  parameter  KIc,  a  material  constant.  KIc  provides 
a  lower-bound  estimate  of  the  stress-intensity  that  will  cause  unstable  crack  extension 
under  a  single  application  of  rising  load. 

The  Kic  values  presented  in  this  report  were  obtained  using  single- edge- notched 
(SEN)  tension  specimens.  The  SEN  specimen  is  modeled  after  the  one  employed  by 
Miss  A.  M.  Sullivan,*  and  her  experimental  compliance  calibration  was  applied  in  the 
calculation  of  KIc  values.  The  fracture  specimens,  shown  in  Fig.  Al,  are  nominally 
1  in.  thick.  The  edge-notch  is  extended  approximately  0.10  in.  by  a  fatigue  crack  prop¬ 
agated  at  low  stresses  to  assure  maximum  notch  acuity. 


Fig.Al  -  The  SENplane  strain 
fracture  toughness  specimen 
and  beam -type  displacement 
gage  employed  in  the  K  x  c  te  sts . 


SMOOTH 


ONE  OF  FOUR- 
STRAIN  GAGE 
BRIDGE 


DISPLACEMENT 

GAGE 


SINGLE -EDGE -NOTCHED 
TENSION  SPECIMEN. 


The  load- displacement  graph  for  each  KIc  test  was  drawn  on  an  autographic  X-Y 
recorder.  These  curves  are  shown  in  Fig.  A2.  Detection  of  initial  crack  extension  was 
made  by  a  beam-type  displacement  gage  instrument  with  a  strain  gage  circuit,  also 
shown  in  Fig.  Al. 

The  plane- strain  fracture  toughness  data,  obtained  at  room  temperature,  for  the 
9Ni-4Co-0.25C  steel  under  investigation  appears  in  Table  Al.  Specimens  were  tested  in 
two  fracture  path  orientations:  perpendicular  to  the  final  rolling  path  (RW)t  and  parallel 


VA.M.  Sullivan,  "New  Specimen  Design  for  Plane-Strain  Fracture  Toughness  Tests," 
Mater.  Res.  Std.  4  (No.  1)  (1964). 

t"The  Slow  Growth  and  Rapid  Propagation  of  Cracks,"  Second  Report  of  a  Special  ASTM 
Committee,  Materials  Research  and  Standards,  1  (No.  5):389-393,  (1961). 
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Table  A1 

Plane  Strain  Fracture  Toughness  Data 


K 

Values 
(ksi  \/In) 

Nominal 

Fracture 

Number  of 

Fracture  Stress 

Direction 

Specimens 

to  Yield  Stress 
Ratio,  on/oYS 

RW 

2 

155-156 

0.72 

WR 

2 

152-155  ; 

0.72 

to  the  final  rolling  path  (WR).*  The  test  material  was  evenly  crossrolled  and  showed 
identical  fracture  toughness  values  in  both  orientations. 

Among  the  criteria  used  to  determine  the  validity  of  the  KIc  values  was  the  require¬ 
ment  that  the  specimen  thickness  equal  at  least  2.5  times  the  plane-stress  plastic  zone 
size  2ry,  where  2ry  =  (lA)(K/aYS)2.f  The  KIc  values  reported  in  Table  A1  include  a 
plastic  zone  correction. 


k 

r 


*MThe  Slow  Growth  and  Rapid  Propagation  of  Cracks,"  Second  Report  of  a  Special  ASTM 
Committee,  Materials  Research  and  Standards,  1  (No.  5):  389-393,  (1961). 
tFreed,  C.N.,  "A  Comparison  of  Fracture  Toughness  Parameters  for  Titanium  Alloys," 
J.  Eng.  Fracture  Mech.  (publication  pending). 
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